We present laboratory studies on radiation chemistry, sputtering, and amorphization of crystalline H 2 O 2 induced by 20 keV protons at 80 K. We used infrared spectroscopy to identify H 2 O, O 3 , and possibly HO 3 , measure the fluence dependence of the fraction of crystalline and amorphous H 2 O 2 and of the production of H 2 O and destruction of H 2 O 2 . Furthermore, using complementary techniques, we observe that the sputtering yield depends on fluence due to the buildup of O 2 radiation products in the sample. In addition, we find that the effective cross sections for the destruction of hydrogen peroxide and the production of water are very high compared to radiation chemical processes in water even though the fluence dependence of amorphization is nearly the same for the two materials. This result is consistent with a model of fast cooling of a liquid track produced by each projectile ion rather than with the disorder produced by the formation of radiolytic products.
I. INTRODUCTION
Solid hydrogen peroxide, like water ice, is a suitable substance for fundamental studies of radiation chemistry because of the small number and limited complexity of its radiation products. As seen in our previous studies, 1 extended radiolysis of H 2 O 2 leads mostly to water, O 2 , O 3 , and possibly HO 2 and HO 3 . 2 Our initial interest in the radiolytic behavior of solid H 2 O 2 stems from the discovery of this molecule on Europa, 3 one of the Galilean satellites around Jupiter, whose surface is composed mostly of water and is heavily irradiated with ions from the inner magnetosphere. Recently it was claimed that H 2 O 2 has been detected on the surface of Enceladus, 4 a tiny satellite of Saturn, which is composed mainly of water ice and the incident radiation is mostly UV, ions, and electrons. Most icy bodies in the outer solar system, such as Enceladus and Europa, and grains in interstellar clouds lack atmospheres that can shield impacts of energetic particles and photons, and for this reason, we would expect that hydrogen peroxide is ubiquitous. Initial studies of pure solid H 2 O 2 have shown that amorphous and crystalline phases can be easily distinguished with infrared spectroscopy. 5, 6 Additional studies also showed that the shapes and positions of some of the absorption bands are greatly altered when hydrogen peroxide is mixed with water. 6, 7 Our more recent study on the 3.5 m band of H 2 O 2 has been applied to Jupiter's satellite, Europa. 7 By comparing our laboratory spectra to the spectrum of the H 2 O 2 on Europa, we were able to conclude that the molecule is dispersed in the water ice rather than concentrated in precipitates.
There has been a large time gap between the seminal works on solid hydrogen peroxide 5, 6 and more recent ones, 1, [7] [8] [9] [10] probably due to the fact that high concentrations of H 2 O 2 are currently not commercially available. Thus, to obtain pure H 2 O 2 or even high concentrations of H 2 O 2 , the sample has to be prepared from the more dilute solutions. In addition to this obstacle, another problem arises from the need to study hydrogen peroxide in ultrahigh vacuum ͑UHV͒ conditions. The hydrogen peroxide efficiently decomposes when it contacts any surface of the vacuum chamber and of the gas-handling manifold. To avoid this problem in our studies of pure solid hydrogen peroxide in UHV, we have used two different methods to distill hydrogen peroxide from a dilute aqueous solution. Both techniques rely on the difference in vapor pressures of these two molecules: We either evaporate the water after the sample is deposited, 9 or we pump the water out while it is still in the manifold. 1, 11 The latter method only works if the manifold is made of a nonreactive material such as glass, while the former can work with any type of manifold. The ability to stabilize pure H 2 O 2 in an UHV environment presents an opportunity for a controlled study on radiation effects in pure H 2 O 2 . For instance, it allows us to address the question of the stability of the crystalline structure of solid H 2 O 2 in the presence of irradiation. Ion irradiation is of particular interest because its high linear energy transfer, as compared to the case of photolysis, [12] [13] [14] can have complex effects on the amount and type of radicals produced in the film. While previous ion irradiation studies have looked at destruction rates of hydrogen peroxide, 1, 8 we are interested in learning if there is also a connection between ion-induced amorphization of crystalline H 2 O 2 and the radiolytic formation of new molecules. In the study reported below on the irradiation of crystalline H 2 O 2 at 80 K with 20 keV H + , we show how infrared spectroscopy is used to measure amorphization, the production of water, and the destruction of ice, 15, 16 infrared spectroscopy has proven to be useful for monitoring the crystalline to amorphous phase transition.
II. EXPERIMENTAL SETUP
All experiments were performed in a stainless steel vacuum chamber on a radiation-shielded cryostat. 1 The base pressure of the chamber was 4 ϫ 10 −9 Torr and one to two orders of magnitude lower inside the shield. Hydrogen peroxide-water mixtures were grown by vapor deposition on an optically flat gold mirror electrode of a 6 MHz quartzcrystal microbalance ͑QCM͒. The areal mass Q ͑mass/unit area͒ of the films was determined by the change in the resonance frequency of the crystal, which was measured with an Inficon IC/5 controller to a resolution of 0.1 Hz. 17 The measured Q can be converted to film column density ͑molecules/ cm 2 ͒ if the film composition is known, and converted to thickness if the mass density is known. 17 Hydrogen peroxide samples were prepared by depositing a commercial grade hydrogen peroxide-water mixture ͑30 wt % purchased from Alpha Aesar͒ from a stainless steel manifold onto the microbalance at near normal incidence at 164 K. The relatively high deposition temperature ensured that impurities, formed when scattered H 2 O 2 molecules react with the chamber walls, would not stick on the substrate, and this was verified by infrared spectroscopy and mass spectrometry. After deposition, we used our distillation method 9 to obtain crystalline H 2 O 2 , where we simply kept the temperature constant and waited for water to evaporate from the sample. To obtain the desired column density, vapor deposition and distillation were performed twice and the sample was left to stabilize for ϳ12 h; no decomposition was observed during this time. We chose a column density of H 2 18 After growth, the films were cooled to 80 K and irradiated with 20 keV protons at near normal incidence, 9°. The protons were produced by a mass analyzed ion accelerator and scanned uniformly over the film. A thin wire collector placed in the ion beam path monitored the proton current and fluence. The flux on the sample was 2 ϫ 10 12 ions cm −2 s −1 . During irradiation and warming, we monitored the mass loss of the sample with the QCM, changes in crystallinity and composition with infrared spectroscopy, and the molecules ejected ͑sputtered͒ from the surface using mass spectrometry. The mass spectrometer ͑MS͒ was Dycor M200 residual gas analyzer, aimed at near normal incidence to the sample.
The specular reflectance of the films on the gold substrate was measured at an incidence angle of 35°using a Thermo-Nicolet Nexus 670 Fourier transform infrared spectrometer operating at 2 cm −1 resolution. The spectra of the sample were divided by the reflectance of the gold mirror substrate taken before film deposition. The ratios R͑͒ were then converted to optical depth units, −ln R͑͒. Absorption band areas were derived after subtraction of baselines that matched the continuum.
III. RESULTS

A. Infrared reflectance spectra during ion irradiation
The dependence of the infrared spectra on irradiation fluence is shown in Fig. 1 . As the ion fluence increases, the sharp features, indicative of crystalline H 2 O 2 transitions, evolve to broader featureless bands that indicate the amorphous phase. 6 This amorphization is accompanied by the appearance of new absorption features, indicative of the synthesis of new molecules. Of the expected products, H 2 O, H 2 , OH, HO 2 , O 2 , HO 3 , and O 3 , we only can detect H 2 O, O 3 , and possibly HO 3 ͑Fig. 2͒. Furthermore, we do not directly detect O 2 from its forbidden infrared band at 1550 cm −1 above the noise level but infer its existence in significant amounts from the presence of the O 3 absorption band at 1037 cm −1 . The lack of detection of O 2 in the infrared could be related to the temperature dependence of the absorption coefficient for forbidden transitions, as has been noticed before. 19, 20 
B. Sputtering during ion irradiation
During irradiation we also monitored sputtering from the sample with the QCM and MS. The sputtering yield, given as mass loss/ O 2 mass, and MS reading of mass 32, the most abundant product seen during sputtering, are shown in Fig. 3 . As the ion fluence is increased, the sputtering yield and MS reading at mass 32 are seen to increase dramatically by a factor of 30-50 from the initial value for the virgin sample, peaking at ϳ3 ϫ 10 14 ions/ cm 2 , where it subsequently de- creases. The initial sputtering yield has a high statistical uncertainty but we can say that it is a few times larger than the sputtering yield of water ice ͑2H 2 O / ion͒. 21 The correlation of the MS data with the mass loss measured by the QCM indicates that the sputtering yield is mainly determined by the synthesis and release of oxygen into vacuum. We attribute the mass 32 signal to sputtered O 2 and not O 2 from cracking of ejected H 2 O 2 ͑Refs. 1 and 19͒ and O 3 ͑Ref. 22͒ in the MS because the sputtering yield initially increases as H 2 O 2 decomposes. In contrast, the ozone absorption at 1037 cm −1 does not appear until the sputtering yield has nearly peaked ͑at a fluence of 2 ϫ 10 14 ions/ cm 2 ͒ and increases at higher fluences where the sputtering yield decreases. We note also that the H 2 O 2 and O 3 signals are below the detection limit of the MS. We will return to the question of the fluence dependence of the sputtering yield and the comparison with other experiments later in Sec. IV.
C. Thermal desorption after ion irradiation
After irradiating to a fluence of 3.8ϫ 10 15 ions/ cm 2 , at which the sputtering yield has decreased to ϳ6% of its peak value, we performed thermal desorption spectroscopy. This consisted of warming the sample at 1 K/min, while continuously monitoring its mass with the QCM and the ejected molecules with the MS. The results, shown in Fig. 4 , are consistent with those from our previous studies on irradiation of amorphous H 2 O 2 at 20 K. 1, 19 The mass loss between 80 and 145 K is below the sensitivity of our instruments; the trapped oxygen remains in the water ice until it quickly desorbs at ϳ155 K. The O 2 desorption is correlated with the crystallization of the water ice and has been observed earlier in irradiated H 2 O 2 samples 1, 19 and unirradiated water-oxygen mixtures. 23, 24 As with our previous experiments on irradiation of H 2 O 2 , the amount of oxygen retained during warming, even at the high fluences of this measurement, is higher than the amount reported for water-oxygen mixtures just below 130 K. 24, 25 This enhancement in oxygen retention is attributed to trapping at radiation defect sites in the irradiated water ice, which are not present in unirradiated water-oxygen mixtures; 26 we note that similar enhanced retention has also been seen for N 2 and H 2 products in irradiated mixtures of ammonia and water. 27 At temperatures higher than that of the oxygen desorption, two more changes in sublimation rate are observed with the QCM ͑Fig. 4͒. In addition to being critical in the chain reaction, the HO 2 from Eqs. ͑3͒ and ͑10͒ may be important for the production of O 3 . We note that a recent isotopic study on H 2
16
O and 18 O ice mixtures confirmed that HO 2 can be formed via irradiation. 2 However, we do not see this feature here, expected at 1135 cm −1 , but in our previous study on irradiation of amorphous H 2 O 2 at 20 K we did detect a weak feature in this region, giving support to idea that HO 2 is involved in this chain reaction. It may not be visible in these experiments because at these higher temperatures a fast reaction to a more stable molecule may be more likely; we note that previous experiments also showed that the amount of HO 2 formed in the ice decreases as the irradiation temperature increases, 32 although it is still seen at 100 K.
A. Effective rate of water production and amorphization
To understand amorphization, we consider that the protons deposit the energy along their path at an average rate of ϳ40 eV/ nm, 18 which is sufficient to melt the region close to the ion path. 33 This melted region cools down and solidifies extremely fast, of the order of 10 ps, a condition that leads to the amorphous state. To estimate the radial extent of the amorphous region, we use the standard defect overlap model, 34 where the relative concentration of the defects ͑as-sumed to be proportional to the amorphous fraction f a ͒ is given by
where A is the transverse area of the amorphous region produced by each ion and F is the ion fluence ͑ions/ cm 2 ͒. To obtain f a from the infrared data ͑Fig. 1͒ we use the fact that the H 2 O 2 bands are sharp when the sample is crystalline and broaden as it becomes amorphous. Thus to evaluate f a versus irradiation fluence we determined the sharpness of the stretching bands near 3 m and the bending bands around 7 m by taking the derivative of each spectrum and comparing peak intensities during irradiation ͑Fig. 5 shows the 7 m region͒. Using the derivative spectra we define f a =1 − I p ͑F͒ / I p ͑0͒, where I p is the peak intensity of the derivative and F is the fluence. We fit the data with Eq. ͑11͒. The results, averaged for both 3 and 7 m regions, are shown in Fig. 6 ; the data is well fit by the defect overlap model with an offset that suggests that, before irradiation, the sample has an initial content of amorphous material of 5%. We obtain A = ͑3.8Ϯ 0.7͒ ϫ 10 −14 cm 2 which, interestingly, matches the value reported for amorphization of water ice with 30 keV protons at 16 K. 16 This agreement suggests that the size of the ion track is similar in both cases and that amorphization FIG. 5 . ͑Color͒ Derivative of the infrared spectra as a function of fluence of 20 keV H + ions. To determine the amount of crystallinity in the sample we monitored the intensity of the 1380 cm −1 peak. Once the sample is amorphous, the peak intensity goes below the noise level. The decreasing peak intensity at ϳ1382 cm −1 corresponds to increasing fluences of 0, 0.14, 0.67, 1.1, 3.3, 4.9, 7.5, 11, 20, and 380 in units of 10 13 ions/ cm 2 .
does not depend strongly on radiation chemistry. It is interesting to analyze how the amorphization rate compares with the formation rate of the most important products in the sample: H 2 O and O 2 . We analyzed the area of the water absorption bands at ϳ5143 and 1650 cm −1 ; the results are shown in Fig. 6 after being normalized to 0.74, which is the concentration of water in the sample determined using the QCM and MS data during thermal desorption ͑see above͒. The procedure could not be applied to O 2 since its absorption was not seen in the infrared spectrum at 1550 cm −1 ͑see above͒. A simple model that includes the production of water with a cross section w and the conversion of water to hydrogen peroxide with a cross section p leads to the rate equation,
where f w and ͑1− f w ͒ are the fraction of water and hydrogen peroxide, respectively, and where we neglected the small oxygen fraction. Since the destruction of hydrogen peroxide and the creation of water occur not with a single collision but in a chain reaction, the cross sections should be interpreted as effective areas perpendicular to the ion beam path where the molecules are destroyed or created. The solution to equation 12 is given by Figure 6 shows that the experimental data of the water fraction f w are well represented by this equation with w + p = ͑4.7Ϯ 0.2͒ ϫ 10 −15 cm 2 and w / ͑ w + p ͒ = 0.74 from the microbalance data ͑see above͒. This yields w = ͑3.7Ϯ 0.4͒ ϫ 10 −15 cm 2 and p = ͑1.0Ϯ 0.4͒ ϫ 10 −15 cm 2 . We note that the value calculated here for w is an underestimate because oxygen is neglected in our model but included in our concentration ͑0.74͒. Thus, we can calculate a more accurate value of w from d͑H 2 O͒ / dF, the initial slope of the water production curve which, at low fluences, is equivalent to w ϫ 0 ͑H 2 O 2 ͒, where 0 ͑H 2 O 2 ͒ is the initial column density of hydrogen peroxide. Using this procedure, we obtain w = ͑4.1Ϯ 0.1͒ ϫ 10 −15 cm 2 and then p = ͑0.6Ϯ 0.3͒ ϫ 10 −15 cm 2 . One can notice that the cross section for producing water, the most abundant radiolytic product, is about approximately ten times smaller than A, the area of the amorphous track. This large factor shows that the structural damage produced by dissociation is relatively unimportant for amorphization, explaining why the amorphization rate of water ice and highly reactive hydrogen peroxide can be so similar.
B. Destruction rate of H 2 O 2
As noted earlier in Sec. IV, the destruction of H 2 O 2 proceeds as a chain reaction, where some of the intermediate reactive products can be also destroyed. To quantify this effect, we quantified the abundance of H 2 O 2 versus fluence ͑Fig. 7͒ in a similar manner as with the water. We chose to use the H 2 O 2 absorption band at 4690 cm −1 since our blank experiments indicated that the band area of this H 2 O 2 absorption feature only changed ϳ10% during crystallization. The initial destruction rate of H 2 O 2 , d , calculated from the initial slope with a linear fit ͑inset in Fig. 7͒ , is ͑4.5Ϯ 0.2͒ ϫ 10 −15 cm 2 . The result that d Ϸ w means that, after all radicals react, the destruction of hydrogen peroxide leads mainly to H 2 O+ 1 2 O 2 -rather than H 2 +O 2 , suggesting that reactions ͑1͒, ͑4͒, and ͑5͒ are the most important.
To compare this result to our previous experiments at 20 K, 1 we introduce the initial radiation yield G, a commonly used quantity in radiation chemistry, defined as the number of products produced or destroyed per 100 eV of energy absorbed. For the destruction of hydrogen per-
where ⌬E = 16 keV is the energy absorbed in the film obtained from SRIM, 18 which has ϳ20% uncertainty. Thus, Table I .
G͑-H
C. Sputtering of O 2
The peak sputtering yield observed in these experiments is much higher than that measured in previous keV proton sputtering experiments on solid H 2 O at 80 K ͑Ref. 36͒ and on solid O 2 at 5 K. 37 While H 2 O is compositionally similar to H 2 O 2 , the amount of O 2 produced in irradiation of water ice is at least an order of magnitude lower for proton irradiation of water ice than in our experiments, which translates into a much lower sputtering yield. The peak sputtering yield in our experiments is approximately three times higher than measured on solid O 2 . 37 This difference can be explained by the fact that the temperature in our experiments is much higher than the sublimation temperature of solid O 2 .
The fluence dependence of the sputtering yield can be understood more easily if we overlay it on top of the destruction of hydrogen peroxide with fluence ͑Fig. 7͒. As the hydrogen peroxide is destroyed, oxygen is being created in the film and sputtered. The high sputtering of ϳ140 produced by a narrow ion track shows that sputtering is not limited to the surface but also extracts O 2 from the bulk. This suggests that the concentration of oxygen maximizes at the fluence where the H 2 O 2 signal disappears. With further irradiation the amount of O 2 decreases, as no more O 2 is being created in the ice.
V. CONCLUSIONS
In this work, we have studied the amorphization and radiation chemistry of crystalline H 2 O 2 induced by 20 keV protons at 80 K. Using the combination of the QCM, MS, and IR, we identify that H 2 O, O 2 , and O 3 are the main stable products formed during irradiation, while we also detect a weak feature that may be due to HO 3 . Furthermore, we also observed a fluence dependence on the sputtering yield; initially the yield is low, but as H 2 O 2 decomposes it increases and peaks after a fluence of ϳ3 ϫ 10 14 ions/ cm 2 , and then subsequently decreases. Our mass spectrometry results show that this fluence dependence of sputtering is driven by the formation of O 2 in the sample and subsequent depletion of the H 2 O 2 parent species. By warming the irradiated film, we found that the trapped oxygen remains in the ice until ϳ155 K, where H 2 O crystallizes. Finally, we also determined quantitatively the cross section for water production and for H 2 O 2 destruction. Both are very large compared to those for radiolytic reactions in water ice which we explain to be due to the chain reaction involving radicals that occurs in H 2 O 2 during irradiation and which is absent in water. In contrast, the rates of amorphization of both ices are nearly the same, showing that they are unrelated to chemical processes. Rather, the amorphization rates reflect the similarity in the energy deposition profiles around the ion track, and thus in the extent of the melted region around the projectile track which, after ultrafast cooling, preserve the molecular disorder.
